All nucleotide sequences of nkaα1c1, nkaα1c2, nkaα2 and nkaα3 are available on Genbank (accession numbers KM282053, KM282054, KM282055 and KM282056 respectively).

Introduction {#sec001}
============

Electric fishes possess electric organs (EOs) and are able to generate electricity through electrogenesis \[[@pone.0118352.ref001]\]. Strongly electric fishes produce strong electric organ discharges (EODs) for predation and defense, while weakly electric fishes produce weak EODs for electrolocation or electrocommunication \[[@pone.0118352.ref002]\]. The electric eel, *Electrophorus electricus* (Linnaeus), belongs to Order Gymnotiformes and Family Gymnotidae, and has a cylindrical and elongated body \[[@pone.0118352.ref003]\]. It can be found in the northeastern parts of South America, including the Guyanas, Orinoco Rivers and the mid to lower portions of the Amazon Basin \[[@pone.0118352.ref004]\]. *Electrophorus electricus* uniquely possesses three EOs and has the uncommon ability to produce both low-voltage and high-voltage EODs. A mature *E*. *electricus* can stun a prey or ward-off predators by delivering a one second burst of EOD peaking at 600 V with a current of 2 A, making it the greatest producer of bioelectricity in the animal kingdom \[[@pone.0118352.ref005]\]. Although the low-voltage EOD generated by *E*. *electricus* for electrolocation and communication is a mere 10 V/cm, it is still 10--100 times stronger than a typical EOD of other members of Gymnotidae \[[@pone.0118352.ref006]\]. When *E*. *electricus* detects prey, it positions its body into a C-shape with the prey situated at the gap, and uses high voltage EODs to immobilize it; then, it reverts to low voltage EODs to locate it.

All three EOs of *E*. *electricus* are derived from skeletal muscle, with the Sach's EO developing first, followed by the main EO and then the Hunter's EO \[[@pone.0118352.ref007]\]. These EOs are controlled by the central control nucleus in the ventral medial region of the medulla oblongata of the brain \[[@pone.0118352.ref008]\]. To date, little has been done on the Hunter's organ and the Sach's organ other than anatomy descriptions and brief reports on their abilities to generate bioelectricity \[[@pone.0118352.ref007],[@pone.0118352.ref009]\]. The Sach's EO produces low voltage EODs of about 10 V at a frequency of up to 25 Hz, while the main EO produces high voltages EODs up to 500 V at a frequency of up to several hundred Hz \[[@pone.0118352.ref010]\]. Both types of EODs are monophasic and last for around 2 msec \[[@pone.0118352.ref002]\]. Patch recordings of Sach's EO's electrocytes and main EO's electrocytes show that peak currents generated by the main EO are on average double that generated by the Sach's EO's, which was attributed to higher electrocyte transmembrane Na^+^ channel densities in the main EO as compared to the Sach's EO \[[@pone.0118352.ref011]\]. Differences in electrical discharges from the Sach's EO and the main EO can also be attributed to physiology, more specifically, the density (and also the quantity) of electrocytes within the EOs. The main EO has more densely-packed electrocytes while the electrocytes of the Sach's EO are spaced more distantly apart with gaps in between them nearer to the tail \[[@pone.0118352.ref009]\]. The Hunter's EO, which lies ventral to both the main EO and the Sach's EO, functions like the main EO towards the anterior end but also functions similarly to the Sach's EO towards the posterior end \[[@pone.0118352.ref002]\]. Other than structural differences in electrocytes and Na^+^ channel density, there has not been any other explanation given for the different type of EODs generated by the main and Sach's EOs, nor has there been a comparative study between all three EOs.

EOs are composed of electrocytes, which are long, multinucleated, ribbon-like cells derived from embryonic myoblasts giving rise to skeletal muscles (SMs) \[[@pone.0118352.ref012]\]. Electrocytes are arranged in columns which extend the length of the EO, and separated by insulating septa \[[@pone.0118352.ref009]\]. Each electrocyte has a flat posterior membrane, with small papillae on its surface innervated with chemical synapses, and a non-innervated rostral membrane with multiple folds \[[@pone.0118352.ref009],[@pone.0118352.ref013]\]. It has a high density of transporters and channels, which are polarized to particular domains of its plasma membrane, and minimal essential organelles localized near both membranes in the cytoplasm \[[@pone.0118352.ref014]\]. This polarization enables electrocytes to produce transcellular potentials, the summation of which generates a powerful whole-animal EOD.

The roles of transporters and channels in facilitating ionic movements across the plasma membrane of an electrocyte are vital to electrogenesis. Voltage-gated Na^+^ channel, Cl^-^ channel, leak K^+^ channel and Na^+^/K^+^-ATPase (Nka) work in synchrony to regulate and generate transmembrane potentials \[[@pone.0118352.ref015]--[@pone.0118352.ref017]\]. When stimulated by neuronal signals through nicotinic acetylcholine receptors, voltage-gated Na^+^ channels, which are localized predominantly on the innervated posterior membrane, open to facilitate an influx of Na^+^, depolarizing the innervated membrane from the resting-85 mV to +65 mV \[[@pone.0118352.ref015],[@pone.0118352.ref018]\]. Upon recovery, the resting potential is restored by the inactivation of voltage-gated Na^+^ channels and the operation of the Cl^-^ channels and leak K^+^ channels, while the Na^+^ and K^+^ concentration gradients are restored through the action of Nka \[[@pone.0118352.ref019]\].

Nka is a molecular pump that actively transports three Na^+^ out of and two K^+^ into the cell. Its main function lies in the homeostatic maintenance of Na^+^ and K^+^ concentration gradients cross the plasma membrane \[[@pone.0118352.ref020]\], providing the chemical potential energy for the depolarization and repolarization of the membrane voltage involved in electrocyte discharge. Nka consists mainly of α and β subunits which exist in multiple isoforms. The α and β subunits dimerize to form a functional Nka \[[@pone.0118352.ref021]\]. The Nkaα subunit is a large protein around 110--120 kDa, containing the Na^+^, K^+^ and ATP binding sites \[[@pone.0118352.ref022]\]. The Nkaβ subunit inserts and anchors the αβ complex in the plasma membrane and regulates the Na^+^ and K^+^ affinities \[[@pone.0118352.ref023]\]. The Nkaα subunit is highly conserved and has four isoforms (α1, α2, α3, α4) \[[@pone.0118352.ref022]\]. Nkaα1 is the predominant form expressed in almost all tissues and it has several sub-forms (α1a, α1b, α1c); Nkaα2 and Nkaα3 are found mainly in skeletal tissue and nervous tissue, respectively, while Nkaα4 is exclusively expressed in sperm \[[@pone.0118352.ref023],[@pone.0118352.ref024]\].

Using commercially available Nkaα isoform specific anti-NKAα antibodies, Lowe et al. \[[@pone.0118352.ref025]\] discovered that Nkaα1 and Nkaα2 were polarized in the innervated and the non-innervated membranes, respectively, of electrocytes from the main EO of *E*. *electricus*, indicating that different Nkaα isoforms may have different physiological roles in electrogenesis. However, to date, only one *nkaα* with an unknown isoform identity has been sequenced from the electric organ of *E*. *electricus* (AF356351) \[[@pone.0118352.ref026]\]. Therefore, this study was undertaken to obtain the coding cDNA sequences of various *nkaα* isoforms from the SM, the main EO, the Hunter's EO and the Sach's EO of *E*. *electricus*, and to identify the isoform types based on their deduced amino acid sequences. Using quantitative real-time polymerase chain reaction (qPCR), efforts were made to test the hypothesis that *E*. *electricus* had a SM-predominant and an EO-predominant *nkaα*, with the latter being differentially expressed among the three EOs, and to elucidate the possible relationships between certain *nkaα* isoforms and the ability to produce strong or weak electric discharges among the three EOs. Furthermore, western blotting was performed using a commercially available anti-NKAα antibody to compare the protein abundance of NKAα among the SM and the three EOs. Finally, efforts were made to determine and compare the kinetic properties of Nka from these four tissue/organs.

A note on gene and protein nomenclature {#sec002}
---------------------------------------

Two different types of abbreviations of genes/proteins have been adopted in this report, as the standard abbreviations of genes/proteins of fishes (<http://zfin.org/cgi-bin/webdriver?MIval=aa-ZDB_home.apg>) are different from those of human/non-human primates (<http://www.genenames.org>). For fishes, gene symbols are italicized, all in lower case, and protein designations are the same as the gene symbol, but not italicized with the first letter in upper case.

Materials and Methods {#sec003}
=====================

Fish {#sec004}
----

*Electrophorus electricus* (juvenile: 200--300 g, *N* = 5; adult 1800--2300g, *N* = 3) were imported from South America through a local fish farm in Singapore. No attempt was made to separate the sexes. Fish were maintained in dechlorinated tap water at 25°C and acclimated to laboratory conditions for one week. Fish were killed with an overdose of neutralized MS-222 (0.2%) followed with a strong blow to the head. Tissue samples of SM and the three EOs were excised, frozen in liquid nitrogen and stored at -80°C until analyses.

Ethics Statement {#sec005}
----------------

Approval to undertake this study was granted by the Institutional Animal Care and Use Committee of the National University of Singapore (IACUC 142/12).

Total RNA extraction and cDNA synthesis {#sec006}
---------------------------------------

Total RNA was extracted from muscle, main EO, Hunter's EO and Sach's EO samples using Tri Reagent (Sigma-Aldrich Co., St. Louis, MO, USA), and further purified using the RNeasy Plus Mini Kit (Qiagen GmbH, Hilden, Germany). Following isolation, RNA was quantified spectrophotometrically using Shimadzu BioSpec-nano (Shimadzu, Tokyo, Japan). RNA integrity was verified electrophoretically and the RNA was stored at -80°C. First strand cDNA was synthesized from 4 μg of total RNA using oligo(dT)~18~ primer and the RevertAid first strand cDNA synthesis kit (Thermo Fisher Scientific Inc.).

Polymerase Chain Reaction (PCR) {#sec007}
-------------------------------

Partial *nkaα1c1*, *α1c2*, *α2* and *α3* sequences were obtained using RACE and PCR primers ([Table 1](#pone.0118352.t001){ref-type="table"}) designed on suitable regions based on multiple alignments of the *nka* sequences from various fish species available in Genbank (<http://www.ncbi.nlm.nih.gov/Genbank/>). PCR was performed in a Biorad Peltier thermal cycler (Biorad Laboratories, Hercules, CA, USA) using Dreamtaq polymerase (Thermo Fisher Scientific Inc.). The cycling conditions were 95°C for 3 min, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 2 min and a final extension of 72°C for 10 min. PCR products were separated by electrophoresis in 1% agarose gel. Bands of predicted molecular masses were excised and purified using FavorPrep Gel Purification Mini Kit (Favorgen Biotech Corp., Ping-Tung, Taiwan) according to manufacturer's protocol. Purified PCR products were subjected to cycle sequencing using BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies Corporation, Carlsbad, California) and sequenced using the 3130XL Genetic Analyzer (Life Technologies Corporation).
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###### Primer sequences designed for PCR, RACE-PCR and qPCR in this study.

![](pone.0118352.t001){#pone.0118352.t001g}

  Gene        Primer type   Primer sequence (5' to 3')
  ----------- ------------- ----------------------------------
  *nkaα1c1*   PCR           Forward (TAGGCAGGATACATCAAGG)
                            Reverse (CCCTATGTGAATGAAGACTGT)
              5' RACE-PCR   GTTTGGAGACATCAGATCCTGCGAT
              3' RACE-PCR   CATCAACATTGCTGGGTATCCGTGTC
              qPCR          Forward (TTGTGGCTCAGTAAAGGACA)
                            Reverse (CCAATGAGGGTGAGAGCAA)
  *nkaα1c2*   PCR           Forward (TGAAGAAGTTGTGGTCGGT)
                            Reverse (CTGAGGGCAATGAGACTGT)
              5' RACE-PCR   CTGGTGATCGCACTGTGATGGGTCGTAT
              3' RACE-PCR   TGTGCAGTGGGCGGATTTGATCATCTGT
              qPCR          Forward (GAGAAACTGCTGGTGATGC)
                            Reverse (CACAAGAATGCAAATTCCTCAG)
  *nkaα2*     PCR           Forward (ACTGCTGGCTACGGTC)
                            Reverse (ATGACCTCTGAGTTCCTGG)
              qPCR          Forward (GAGACACTGCAGGAGATG)
                            Reverse (TGAGGAATCACCCACAGG)
  *nkaα3*     PCR           Forward (TGACAACCAAATCCATGAG)
                            Reverse (AGGTGCTGAAGAATCATACT)
              5' RACE-PCR   TTGTTGGTGGAGTTGAAGGGAATCTCAG
              3' RACE-PCR   TTCGATACCGATGACATCAACTTCCAG
              qPCR          Forward (ATCCTGAAGAGGGACGTG)
                            Reverse (GTGCATGAGACAGAAGACTC)

Rapid Amplification of cDNA Ends (RACE)-PCR {#sec008}
-------------------------------------------

Total RNA (1 μg) isolated from the muscle, main EO, Hunter's EO or Sach's EO of *E*. *electricus* was reverse transcribed into 5'-RACE-Ready cDNA and 3'RACE-Ready cDNA using SMARTer RACE cDNA Amplification kit (Clontech Laboratories, Mountain View, CA, USA). RACE-PCR was performed using the Advantage 2 PCR kit (Clontech Laboratories) to generate the 5' and 3' cDNA fragments. The cycling conditions comprised 30 cycles of 94°C for 30 s, 65°C for 30 s, and 72°C for 4 min. RACE-PCR products were separated using gel electrophoresis, purified and sequenced. Multiple sequencing was performed in both directions to obtain the full-length cDNA. Sequence assembly and analysis were performed using Bioedit v7.1.3 \[[@pone.0118352.ref027]\].

Deduced amino acid sequences and phenogramic analysis {#sec009}
-----------------------------------------------------

The Nkaα amino acid sequences were translated from the respective *nkaα* nucleotide sequences using ExPASy Proteomic server (<http://web.expasy.org/translate/>). The deduced amino acid sequence was aligned and compared with selected Nkaα1, α2 and α3 from various animal species using BioEdit. The transmembrane domains were predicted using MEMSAT3 and MEMSAT-SVM provided by PSIPRED protein structure prediction server (<http://bioinf.cs.ucl.ac.uk/psipred/>) \[[@pone.0118352.ref028]\].

Furthermore, these sequences were aligned using ClustalX2 and phenogramic analyses were performed using neighbor-joining method and 100 bootstrap replicates with Phylip v3.6 \[[@pone.0118352.ref029]\].

Amino acid sequences of Nkaα1, Nkaα2 and Nkaα3 from other animals were obtained from Genbank or UniProtKB/TrEMBL with the following accession numbers: *Anabas testudineus* Nkaα1a (AFK29492.1), Nkaα1b (AFK29493.1) and Nkaα1c (AFK29494.1); *Oncorhynchus masou* Nkaα1a (BAJ13363) and Nkaα1b (BAJ13362); *Oncorhynchus mykiss* Nkaα1a (NP_001117933), Nkaα1b (NP_001117932), Nkaα1c (NP_001117931), Nkaα2 (NP_001117930) and Nkaα3 (NP_001118102); *Saccoglossus kowalevskii* Nka (XP_002737354); *Squalus acanthias* Nkaα (CAG77578) and *Torpedo californica* Nkaα (P05025.1).

qPCR {#sec010}
----

There are two types of quantification methods for qPCR \[[@pone.0118352.ref030]\]. Relative quantitation involves the comparison of the targeted gene with a reference gene, and produce only fold-change data, which do not allow the interpretation of which isoform being the predominant one expressed in a certain tissue or under a certain condition. For absolute quantification, the precise amount of the template used for the standard curve is known, and therefore results of the targeted gene can be expressed as absolute numbers of copies of transcripts. Although absolute quantification provides more information, it is considered to be more labor-intensive than relative quantification, and is not commonly adopted because of the necessity to create reliable standards for quantification and to include these standards in every PCR run. Since it is essential to compare the mRNA expression levels of various *nkaα* isoforms among the SM and the three EOs of *E*. *electricus*, the method of absolute quantification with reference to 4 standard curves was adopted in this study.

RNA (4 μg) from various tissues samples of *E*. *electricus* were extracted as mentioned above and reverse-transcribed using random hexamer primers with RevertAid first strand cDNA synthesis kit (Thermo Fisher Scientific Inc.). qPCR was performed in triplicates using a StepOnePlus Real-Time PCR System (Applied Biosystems). The mRNA expression of the four *nkaα*-subunits in the SM, main EO, Hunter's EO and Sach's EO of *E*. *electricus* was determined using specific qPCR primers ([Table 1](#pone.0118352.t001){ref-type="table"}).

In order to determine the absolute quantity of the each of the *nkaα-*subunit transcripts in a qPCR reaction, efforts were made to produce a pure amplicon (standard) of a defined region of each *nkaα* isoform from *E*. *electricus* following the method of Gerwick et al. \[[@pone.0118352.ref031]\]. PCR was performed with the qPCR primers ([Table 1](#pone.0118352.t001){ref-type="table"}) and cDNA as a template in a final volume of 25 μl with the following cycling conditions: initial denaturation 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 30 s and 1 cycle of final extension of 72°C for 10 min. The PCR product was separated in a 2% agarose gel then excised and purified using Promega Wizard SV gel and PCR cleanup system. The *nka α*-subunit nucleotide fragment in the purified product was cloned using pGEM-T Easy vector. The presence of the insert in the recombinant clones was confirmed by sequencing. The cloned circular plasmid was quantified using a spectrophotometer.

The standard cDNA (template) was serially diluted (from 10^6^ to 10^2^ specific copies per 2 μl). The PCR reactions contained 5 μl of KAPA SYBR FAST Master Mix (2X) ABI Prism (Kapa Biosystems, Woburn, MA, USA), 0.3 μmol l^-1^ of forward and reverse primers each ([Table 1](#pone.0118352.t001){ref-type="table"}) and 1 ng of sample cDNA or various quantities of standard in a total volume of 10 μl. Cycling conditions were 95°C for 20 s (1 cycle), followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. Data (Ct values) were collected at each elongation step. A melt curve analysis was performed after each run by increasing the temperature from 60°C to 95°C in 0.3°C increments to confirm the presence of a single product only. The PCR products obtained were also separated in a 2% agarose gel to verify the presence of a single band. A standard curve was obtained from plotting threshold cycle (C~t~) on the Y-axis and the natural log of concentration (copies μl^-1^) on the X-axis. The C~t~ slope, PCR efficiency, Y-intercept and correlation coefficient (r^2^) were calculated using the default setting of StepOne Software v2.1. Diluted standards were stored at -20°C. The PCR amplification efficiencies for *nkaα1c1*, *nkaα1c2*, *nkaα2* and *nkaα3* were 96.5%, 93.1%, 90.7% and 91.8%, respectively. The quantity of transcript in a sample was determined from the linear regression line derived from the standard curve and expressed as copy number per ng cDNA \[[@pone.0118352.ref031]\].

The specificity of each pair of qPCR primers was verified by PCR using four different plasmid clones containing fragments of *nkaα1c1*, *nkaα1c2*, *nkaα2* or *nkaα3* as templates. The identities of these plasmid clones had been verified through cloning and sequencing previously (see section above). The specificity of each pair of primers was demonstrated by the presence of a single band using the plasmid clones of the targeted *nkaα* isoform as the template and the absence of detectable band using the plasmid clones of the other isoform. Furthermore, for each pair of primers, the C~t~ values obtained using plasmid clones of the targeted *nkaα* fell between 14 and 32, but no detectable C~t~ values (i.e., undetermined) were obtained using the other plasmid clones.

SDS-Page electrophoresis and western blotting {#sec011}
---------------------------------------------

Tissues samples from SM or EOs were homogenized three times in five volumes (w/v) of ice cold buffer containing 50 mmol l^-1^ Tris HCl, (pH 7.4), 1 mmol l^-1^ EDTA, 150 mmol l^-1^ NaCl, 1 mmol l^-1^ NaF, 1 mmol l^-1^ Na~3~VO~4~, 1% NP-40, 1% sodium deoxycholate, 1 mmol l^-1^ PMSF, and 1x HALT protease inhibitor cocktail (Thermo Fisher Scientific Inc.) at 24,000 rpm for 20 s each with 10 s intervals using the Polytron PT 1300D homogenizer (Kinematica AG, Lucerne, Switzerland). The homogenate was centrifuged at 10,000 ×g for 20 min at 4C. The protein concentration in the supernatant obtained was determined according to the method of Bradford \[[@pone.0118352.ref035]\] and adjusted to 5 μg μl^-1^ with Laemmli buffer \[[@pone.0118352.ref032]\]. Samples were heated at 70C for 15 min, and then kept at -80°C until analysis. The protein load for the SM, the main EO, Hunter's EO and Sach's EO were 100 μg each.

Proteins were separated by SDS-PAGE (8% acrylamide for resolving gel, 4% acrylamide for stacking gel) under conditions as described by Laemmli \[[@pone.0118352.ref032]\] using a vertical mini-slab apparatus (Bio-Rad Laboratories, Hercules, CA, USA). Preliminary experiments indicated that the protein abundances of Nkaα in the EOs of adult fish were higher than those in the EOs of juvenile fish. Therefore, 100 μg and 20 μg of protein from the SM/EOs of juvenile and adult fish, respectively, were loaded for SDS-PAGE. After SDS-PAGE, separated proteins were electrophoretically transferred onto PVDF membranes using a transfer apparatus (Bio-Rad Laboratories). After transfer, membranes were blocked with 10% skim milk in TTBS (0.05% Tween 20 in Tris-buffered saline: 20 mmol l^-1^ Tris-HCl; 500 mmol l^-1^ NaCl, pH 7.6) for 1 h before being incubated overnight at 4C with the anti-NKAα antibody, α5 (1:800 dilution). α5 was developed by Douglas M. Farmbrough (Johns Hopkins University, MD, USA) under the auspices of NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City, IA52242, USA, and is known to react pan-specifically with Nkaα isoforms in fish and other animals \[[@pone.0118352.ref033],[@pone.0118352.ref034]\]. The α5 antibody was diluted in 1% bovine serum albumin BSA in TTBS. The membranes were then incubated in goat anti-mouse horseradish peroxidase-conjugated secondary antibodies (1:10,000; Santa Cruz Biotechnology Inc.) for 1 h at room temperature. Bands were visualized by chemiluminescence (Western Lightning, PerkinElmer Life Sciences, Boston, MA, USA) using X-ray film (Thermo Fisher Scientific) and were processed by a Kodak X-Omat 3000 RA processor (Kodak, Rochester, NY, USA). The films were scanned using CanonScan 4400F flatbed scanner in TIFF format at 300 dpi resolution. Densitometric quantification of band intensities were performed using ImageJ (version 1.40, NIH), calibrated with a 37 step reflection scanner scale (\#R3705--1C; StoufferGraphicArts, SouthBend, IN, USA) calibrated with a calibrated 37 step reflection scanner scale (1" x 8"; Stouffer \#R3705--1C).

Usually, a reference protein, e.g. β-actin or glyceraldehyde 3-phosphate dehydrogenase, is included in western blotting to confirm that the experimental condition tested leads to changes in the abundance of the targeted protein, but not the reference protein, in the same tissue/organ as compare to the control condition. However, in this study, we aimed to compare the protein abundances of Nkaα among 4 different tissue/organs in *E*. *electricus* whereby no change in experimental conditions, and hence no control, were involved. Preliminary studies confirmed that the protein abundances of β-actin and glyceraldehyde 3-phosphate dehydrogenase differed significantly among the SM and the three EOs of *E*. *electricus*, indicating that they were not suitable to act as reference proteins. Therefore, for valid comparisons, western blotting results were presented as relative protein abundance of Nkaα per 100 μg protein for juvenile fish or per 20 μg protein for adult fish.

Determination of Nka activity and kinetic properties {#sec012}
----------------------------------------------------

Tissues samples of SM or EOs were thawed on ice and homogenized for 2 s at 7,000 rpm. The homogenate was then centrifuged at 2000 ×g for 7 min at 4°C to obtain the pellet. The pellet was re-suspended in 1 ml of homogenizing buffer containing 0.1 mol l^-1^ imidazole-HCl (pH 7.2), 0.3 mol l^-1^ sucrose, and 1 g l^-1^ of sodium deoxycholate (without EDTA, which interfered with the subsequent phosphate analysis), and homogenized twice at 13,500 rpm for 10 s each with an interval of 10 s. The homogenized sample was centrifuged for 6 min at 2,000 ×g and 4°C. The supernatant obtained was assayed for Nka activity on the same day. The protein content of the sample was determined according to the method of Bradford \[[@pone.0118352.ref035]\]. The quantities of protein used per assay were approximately 0.1 mg and 0.5 mg for EOs and SM, respectively.

The optimized reaction mixture for the determination of Nka activity (*V* ~sat~) contained 0.05 ml sample, 30 mmol l^-1^ imidazole-HCl buffer (pH 7.2), 120 mmol l^-1^ NaCl, 20 mmol l^-1^ KCl, 5 mmol l^-1^ MgCl~2~ and 3.5 mmol l^-1^ ATP, with or without 2 mmol l^-1^ ouabain in a total volume of 1 ml. The compositions of Na^+^ and K^+^ (or NH~4~ ^+^ in replacement of K^+^) were varied in order to obtain the *K* ~*m*~ for various substrates (Na^+^, K^+^ and NH~4~ ^+^) and the corresponding *V* ~max~. The reaction mixture without ATP was pre-incubated at 25°C for 10 min and the reaction was initiated by the addition of 0.05 ml of ATP. After 40 min of incubation at 25°C, the reaction was terminated by the addition of 0.05 ml of ice-cold 100% trichloroacetic acid. The mixture was centrifuged at 12,000 ×*g* for 2 min at 4°C. Preliminary results indicate that the Nka activity increased linearly with time up to at least 45 min under all conditions. The amount of inorganic phosphate (Pi) released from ATP during the incubation period represented the activity of Nka. An aliquot (0.4 ml) of the supernatant was diluted with 4 volumes of 0.1 mol l^-1^ sodium acetate for Pi assay. To this diluted aliquot, 0.2 ml of 1% ascorbic acid and 0.2 ml of 1% ammonium molybdate in 0.05 mol l^-1^ H~2~SO~4~ were added. The solution was incubated for 30 min at 30°C and the absorbance was determined at 700 nm using a Shimadzu (Kyoto, Japan) UV160 UV-VIS spectrophotometer, and the Pi concentration calculated with reference to a standard made from K~2~HPO~4~ and assayed in the presence of trichloroacetic acid and sodium acetate. The Nka activity was calculated as a difference of activities assayed in the presence and absence of ouabain, and expressed as μmol Pi releasí·min^-1^·g^-1^ tissue wet mass. Of note, the deoxycholate-extractable protein content (mg protein per g wet mass tissue) varied between the SM and the three EOs. Hence, it was essential to present the results as mass-specific activities instead of protein-specific activities for valid comparisons.

To obtain *K* ~*m*~ and *V* ~max~ for Na^+^, effects of different concentrations of Na^+^ (2.5, 5, 10, 20, 40, 60 and 120 mmol l^-1^) on Nka activity were determined in the presence of 20 mmol l^-1^ K^+^ for all samples. To obtain *K* ~*m*~ and *V* ~max~ for K^+^ or NH~4~ ^+^, effects of varying K^+^ or NH~4~ ^+^ concentrations (0.25, 0.5, 1, 2, 4, 8, 10 and 20 mmol l^-1^) on the Na^+^/K^+^-ATPase or Na^+^/NH~4~ ^+^-ATPase activity were determined at 120 mmol l^-1^ Na^+^. The *K* ~*m*~ and *V* ~max~ values were obtained from the Woolf---Augustinsson plot. Two *V* ~max~ values were generated for each samples based on varied Na^+^, or K^+^ concentrations.

Statistical analysis {#sec013}
--------------------

Due to the small sampling size of the adult fish, results reported herein were obtained mainly from the juvenile fish unless stated otherwise. Results were presented as means ± standard errors of means (S.E.M.). Statistical analyses were performed using SPSS version 21 (IBM Corporation, Armonk, NY, USA). Homogeneity of variance was checked using Levene's Test. For results on western blotting and Nka kinetic properties, differences between means were tested using one-way analysis of variance (ANOVA) followed by multiple comparisons of means by Dunnett's T3 (for unequal variance) or by Tukey's test (for equal variance). Except for qPCR results presented on *nkaα2* and *nkaα3* for adult eels, the rest of the qPCR results showed equal variance and were therefore analysed by ANOVA followed with Duncan's post-hoc test. For qPCR results presented on *nkaα2* and *nkaα3* for adult eels, ANOVA and Duncan's test were applied after square root transformation. Differences were regarded as statistically significant at P\<0.05.

Results {#sec014}
=======

Nucleotide and amino acid sequences of *nkaα*/Nkaα isoforms {#sec015}
-----------------------------------------------------------

Coding cDNA sequences of *nkaα1c1* (Genbank accession number: KM282053), *nkaα1c2* (KM282054) *nkaα2* (KM282055) and *nkaα3* (KM282056) were cloned from the SM and EOs of *E*. *electricus*. The complete coding sequence of *nkaα1c1* consisted of 3081 bp, which encoded 1026 amino acids with an estimated molecular mass of 113.1 kDa ([Fig. 1](#pone.0118352.g001){ref-type="fig"}). On the other hand, the complete coding cDNA sequence of *nkaα1c2* comprised 3123 bp, encoding 1040 amino acids with an estimated molecular mass of 114.4 kDa ([Fig. 1](#pone.0118352.g001){ref-type="fig"}). For *nkaα2*, the coding sequence consisted of 3030 bp, encoding 1009 amino acids with an estimated molecular mass of 110.0 kDa ([Fig. 1](#pone.0118352.g001){ref-type="fig"}). For *nkaα3*, the coding sequence consisted of 3069 bp, encoding 1022 amino acids with an estimated molecular mass of 112.7 kDa ([Fig. 1](#pone.0118352.g001){ref-type="fig"}).

![Molecular characterization of Na^+^/K^+^-ATPase α-subunit (Nkaα) isoforms of *Electrophorus electricus*.\
A multiple amino acid alignment of Nkaα1c1, Nkaα1c2, Nkaα2 and Nkaα3 of *E*. *electricus*. Identical or strongly similar amino acids are indicated by shaded residues. The 10 predicted transmembrane regions (TM1--TM10) are underlined. Vertical boxes represent coordinating residues for Na^+^ or K^+^ binding. The conserved regions containing the TGES, DKTGTL, TGD and TGDGVND sequence motifs are double underlined. The hash marks denote the amino acid residues phosphorylated by PKA. The asterisks denote the amino acid residues phosphorylated by PKC. Substitution of amino acids is indicated by an arrow. The transmembrane domains of Nkaα1c1, Nkaα1c2, Nkaα2 and Nkaα3 of *E*. *electricus* were predicted using MEMSAT3 and MEMSAT-SVM provided by PSIPRED protein structure prediction server.](pone.0118352.g001){#pone.0118352.g001}

The identities of the deduced amino acid sequences of the four isoforms of Nkaα from *E*. *electricus* were first obtained through a comparison of percentage similarities with various Nkaα isoforms from teleost species available in GenBank ([Table 2](#pone.0118352.t002){ref-type="table"}). As we had obtained two Nkaα1 isoforms from *E*. *electricus*, *A*. *testudineus*, *O*. *mykiss* and *O*. *masou* were chosen for comparison because subforms of their Nkaα1 have been identified. Results indicated the two forms of Nkaα1 from *E*. *electricus* were *nkaα1c1* and *nkaα1c2* ([Table 2](#pone.0118352.t002){ref-type="table"}). Subsequently, a phenogramic analysis was performed ([Fig. 2](#pone.0118352.g002){ref-type="fig"}), which demonstrated that the two Nkaα1c isoforms (Nkaα1c1 and Nkaα1c2) were indeed grouped together under the same clade with Nkaα1 of other teleost fishes, with Nkaα2 and Nkaα3 being grouped separately ([Fig. 2](#pone.0118352.g002){ref-type="fig"}). The Nkaα2 sequence obtained from this study was identical to the Nkaα sequence (AF356351) reported by Kaya et al. \[[@pone.0118352.ref026]\].

10.1371/journal.pone.0118352.t002

###### Percentage similarity between the amino acid sequences of Na^+^/K^+^-ATPase α1c1 (Nkaα1c1), Nkaα1c2, Nkaα2 and Nkaα3 from *Electrophorus electricus* and Nkaα sequences from other teleosts obtained from GenBank.

![](pone.0118352.t002){#pone.0118352.t002g}

                              Fish species              Isoform    *Electrophorus electricus*                         
  --------------------------- ------------------------- ---------- ---------------------------- ---------- ---------- ----------
  Nkaα1                       *Oncorhynchus mykiss*     Nkaα1c     **91.7**                     86.8       80.6       83.3
  *Anabas testudineus*        Nkaα1c                    **89.0**   **88.6**                     80.9       82.6       
  *Oncorhynchus masou*        Nkaα1b                    88.4       **88.6**                     79.9       82.1       
  *Oncorhynchus mykiss*       Nkaα1b                    88.3       88.4                         80.1       82.1       
  *Anabas testudineus*        Nkaα1b                    85.7       83.7                         78.6       79.7       
  *Oncorhynchus mykiss*       Nkaα1a                    82.1       81.3                         74.7       76.3       
  *Oncorhynchus masou*        Nkaα1a                    81.8       81.3                         74.5       76.3       
  *Anabas testudineus*        Nkaα1a                    80.0       78.3                         73.7       76.9       
  Nkaα2                       *Fundulus heteroclitus*   Nkaα2      82.8                         80.6       **85.2**   81.5
  *Oncorhynchus mykiss*       Nkaα2                     82.5       79.6                         **84.2**   81.4       
  Nkaα3                       *Carassius auratus*       Nkaα3      84.9                         82.0       80.5       **95.3**
  *Oreochromis mossambicus*   Nkaα3                     82.2       79.2                         80.0       **90.4**   
  *Oncorhynchus mykiss*       Nkaα3                     82.5       79.3                         79.1       89.4       
  *Trematomus bernacchii*     Nkaα3                     82.5       81.2                         79.4       88.0       

Similarity indices were obtained using the BioEdit software.

![A phenogramic analysis of Na^+^/K^+^-ATPase α-subunit (Nkaα) isoforms of *Electrophorus electricus*.\
A phenogram illustrating the relationship among Nkaα1c1, Nkaα1c2, Nkaα2 and Nkaα3 of *E*. *electricus* and Nkaα isoforms of selected animals with Nkaα1 of *Saccoglossus kowalevskii* as the outgroup. The number at each branch represents the bootstrap value (max = 100).](pone.0118352.g002){#pone.0118352.g002}

There were ten predicted transmembrane regions (TM1--TM10) in all four isoforms with lengths of 15 to 27 amino acids ([Fig. 1](#pone.0118352.g001){ref-type="fig"}). Highly conserved motifs were identified including the threonine-glycine-glutamic acid-serine (TGES) motif, the aspartic acid-lysine-threonine-glycine-threonine (DKTGT) motif, the threonine-glycine-aspartic acid (TGD) motif and the threonine-glycine-aspartic acid-glycine-valine-asparagine-aspartic acid (TGDGVND) motif. The sites of phosphorylation by protein kinase A (PKA) and protein kinase C (PKC) as well as the binding sites for Na^+^ and K^+^ were also identified and labelled ([Fig. 1](#pone.0118352.g001){ref-type="fig"}). Two cases of amino acid substitution were also indicated by arrows.

Absolute quantification of mRNA expression levels {#sec016}
-------------------------------------------------

For juvenile *E*. *electricus*, the mRNA expression level of *nkaα1c1* in the SM (416 copies per ng cDNA) was significantly higher than those in the three EOs (9-fold of the main EO; 6-fold of the Hunter's EO and 3-fold of the Sach's EO; [Fig. 3a](#pone.0118352.g003){ref-type="fig"}). Hence, *nkaα1c1* could be regarded as a SM-predominant isoform. The mRNA expression level of *nkaα1c2* (\~25 copies per ng cDNA) was substantially lower than that of *nkaα1c1* in SM, and there were no significant differences in *nkaα1c2* mRNA expression levels among the SM and the three EOs ([Fig. 4a](#pone.0118352.g004){ref-type="fig"}). On the other hand, the mRNA expression levels of *nkaα2* in the three EOs were significantly higher than that in the SM ([Fig. 5a](#pone.0118352.g005){ref-type="fig"}), indicating that it was an EO-predominant form. Furthermore, the mRNA expression level of *nkaα2* in the Hunter's EO was significantly higher than those in the main EO and the Sach's EO. The mRNA expression level of *nkaα3* was the lowest among the four *nkaα* isoforms, and it had comparable expression levels among the SM and the three EOs ([Fig. 6a](#pone.0118352.g006){ref-type="fig"}).

![mRNA expression levels of *Na* ^+^ */K* ^+^ *-ATPase α1c1* (*nkaα1c1*) in *Electrophorus electricus*.\
Absolute quantification (copies of transcript per ng of cDNA) of mRNA expression levels of *nkaα1c1* in the skeletal muscle (SM), the main electric organ (EO), the Hunter's EO and the Sach's EO of (a) juvenile (*N* = 5) and (b) adult (*N* = 3) *E*. *electricus* kept in freshwater. Results represent mean + S.E.M. Means not sharing the same letter are significantly different (P\<0.05).](pone.0118352.g003){#pone.0118352.g003}

![mRNA expression levels of *Na* ^+^ */K* ^+^ *-ATPase α1c2* (*nkaα1c2*) in *Electrophorus electricus*.\
Absolute quantification (copies of transcript per ng of cDNA) of mRNA expression levels of *nkaα1c2* in the skeletal muscle (SM), the main electric organ (EO), the Hunter's EO and the Sach's EO of (a) juvenile (*N* = 5) and (b) adult (*N* = 3) *E*. *electricus* kept in freshwater. Results represent mean + S.E.M. Means not sharing the same letter are significantly different (P\<0.05).](pone.0118352.g004){#pone.0118352.g004}

![mRNA expression levels of *Na* ^+^ */K* ^+^ *-ATPase α2* (*nkaα2*) in *Electrophorus electricus*.\
Absolute quantification (copies of transcript per ng of cDNA) of mRNA expression levels of *nkaα2* in the skeletal muscle (SM), the main electric organ (EO), the Hunter's EO and the Sach's EO of (a) juvenile (*N* = 5) and (b) adult (*N* = 3) *E*. *electricus* kept in freshwater. Results represent mean + S.E.M. Means not sharing the same letter are significantly different (P\<0.05).](pone.0118352.g005){#pone.0118352.g005}

![mRNA expression levels of *Na* ^+^ */K* ^+^ *-ATPase α3* (*nkaα3*) in *Electrophorus electricus*.\
Absolute quantification (copies of transcript per ng of cDNA) of mRNA expression levels of *nkaα3* in the skeletal muscle (SM), the main electric organ (EO), the Hunter's EO and the Sach's EO of (a) juvenile (*N* = 5) and (b) adult (*N* = 3) *E*. *electricus* kept in freshwater. Results represent mean + S.E.M. Means not sharing the same letter are significantly different (P\<0.05).](pone.0118352.g006){#pone.0118352.g006}

In general, the mRNA expression levels of all four *nkaα* isoforms in the SM and EOs of adult *E*. *electricus*, (Figs. [3b](#pone.0118352.g003){ref-type="fig"}--[6b](#pone.0118352.g006){ref-type="fig"}) were higher than those of the juvenile fish (Figs. [3a](#pone.0118352.g003){ref-type="fig"}--[6a](#pone.0118352.g006){ref-type="fig"}). For adult fish, the mRNA expression level of *nkaα1c1* in the SM (\~6500 copies per ng cDNA) was significantly higher than those in the three EOs (4-fold of the main EO; 2-fold of the Hunter's EO and Sach's EO; [Fig. 3b](#pone.0118352.g003){ref-type="fig"}), confirming that it was a SM-predominant isoform. The mRNA expression level of *nkaα1c2* (\~600 copies per ng cDNA) in the SM was only 1/10 that of *nkaα1c1*, and it was comparable to that of *nkaα1c2* in the Sach's EO but significantly lower than those in the main EO and the Hunter's EO ([Fig. 4b](#pone.0118352.g004){ref-type="fig"}). Results obtained from adult *E*. *electricus* confirmed that *nkaα2* was EO-predominant, but unlike juvenile fish, its expression level in the main EO (\~340000 copies per ng cDNA) was significantly higher than those in the Hunter's EO and the Sach's EO ([Fig. 5b](#pone.0118352.g005){ref-type="fig"}). Like juvenile fish, the mRNA expression level of *nkaα3* (\~70 copies per ng cDNA) was the lowest among the four *nkaα* isoforms in the SM of adult *E*. *electricus*, and its expression level in the SM was significantly higher than those in the three EOs ([Fig. 6b](#pone.0118352.g006){ref-type="fig"}).

Pan-Nkaα protein abundance {#sec017}
--------------------------

Based on the pan-isoform-specific anti-NKA α5 antibody, the Hunter's EO of juvenile *E*. *electricus* had the highest protein abundance of Nkaα, followed by the main EO and the Sach's EO, but Nkaα was barely detectable in the SM ([Fig. 7](#pone.0118352.g007){ref-type="fig"}). As for adult fish, Nkaα was undetectable in the SM, but expressed strongly in the main EO and the Hunter's EO, with the former having significantly higher Nkaα protein abundance than the latter. Nkaα was only weakly expressed in the Sach's organ of adult fish ([Fig. 8](#pone.0118352.g008){ref-type="fig"}). In general, the protein abundance Nkaα in the EOs of the adult fish ([Fig. 8](#pone.0118352.g008){ref-type="fig"}) were much higher than those in the juvenile fish ([Fig. 7](#pone.0118352.g007){ref-type="fig"}).

![Western blotting results of Na^+^/K^+^-ATPase α-subunit (Nkaα) in juvenile *Electrophorus electricus*.\
Protein abundance of Nkaα in the skeletal muscle (SM), the main electric organ (EO), the Hunter's EO and the Sach's EO of juvenile *E*. *electricus* kept in freshwater. (a) An example of the immunoblot of Nkaα. (b) The protein abundance of Nkaα expressed as arbitrary densitometric units per 100 μg protein. Results represent mean + S.E.M (*N* = 3). Means not sharing the same letter are significantly different among the SM and the three EOs (P\<0.05).](pone.0118352.g007){#pone.0118352.g007}

![Western blotting results of Na^+^/K^+^-ATPase α-subunit (Nkaα) in adult *Electrophorus electricus*.\
Protein abundance of Nkaα in the skeletal muscle (SM), the main electric organ (EO), the Hunter's EO and the Sach's EO of adult *E*. *electricus* kept in freshwater. (a) An example of the immunoblot of Nkaα. (b) The protein abundance of Nkaα expressed as arbitrary densitometric units per 20 μg protein. Results represent mean + S.E.M (*N* = 3). Means not sharing the same letter are significantly different among the three EOs (P\<0.05). Nkaα was not detectable (n.d.) in the SM.](pone.0118352.g008){#pone.0118352.g008}

Activities and kinetic properties of Nka {#sec018}
----------------------------------------

The *V* ~sat~ (μmol Pi·min^-1^·g^-1^ tissue; *N* = 4) of Nka for the SM (0.44 ± 0.23) was significantly lower than those of the main EO (5.05 ± 1.28), the Hunter's EO (3.03 ± 0.31) and the Sach's EO (2.31 ± 0.42) of juvenile *E*. *electricus*. Due to the very low activity of Nka in the SM, it was difficult to accurately obtain the *K* ~*m*~ values for Na^+^ and K^+^. Hence, we focused on the kinetic properties of Nka from the three EOs. In corroboration with the *V* ~sat~, the highest *V* ~max~ was obtained, based on varying Na^+^ or K^+^ concentrations, for the Nka from the main EO, and Nka from the Sach's EO had the lowest *V* ~max~ value ([Table 3](#pone.0118352.t003){ref-type="table"}). The *K* ~*m*~ of Na^+^ for the Nka from the main EO was significantly lower than that from the Sach's EO. Additionally, the *K* ~*m*~ of K^+^ for Nka from the main EO was significantly lower than those from the Hunter's EO and the Sach's EO ([Table 3](#pone.0118352.t003){ref-type="table"}).

10.1371/journal.pone.0118352.t003

###### *V* ~max~ (μmol Pi released·min^-1^·g^-1^ tissue; *N* = 4) and *K* ~*m*~ (mmol l^-1^; *N* = 4) values of Na^+^/K^+^-ATPase (Nka) from the main electric organ (EO), the Hunter's EO and the Sach's EO of juvenile *Electrophorus electricus*.

![](pone.0118352.t003){#pone.0118352.t003g}

  Nka                          Main EO          Hunter's EO        Sach's EO
  ---------------------------- ---------------- ------------------ -----------------
  *V* ~max~ (based on Na^+^)   6.60 ± 1.46^b^   4.06 ± 0.45^ab^    2.85 ± 0.51^a^
  *K* ~*m*~ \[Na^+^\]          7.47 ± 1.29^a^   18.14 ± 5.94^ab^   24.20 ± 2.44^b^
  *V* ~max~ (based on K^+^)    5.86 ± 1.02^b^   3.67 ± 0.45^ab^    2.49 ± 0.44^a^
  *K* ~*m*~ \[K^+^\]           0.46 ± 0.14^a^   1.47 ±0.30^b^      1.20 ± 0.08^b^

Results represent mean ± S.E.M. Means not sharing the same letter are significantly different (P\<0.05).

Discussion {#sec019}
==========

In EOs, electrocytes are activated by motor neurons that form synapses with the innervated membrane \[[@pone.0118352.ref036]\]. Neurons release the neurotransmitter acetylcholine which induces the opening of the voltage-gated Na^+^ channels when bound to the acetylcholine receptors on the extracellular side of the innervated membrane. These voltage-gated Na^+^ channels, which are located primarily along the innervated membrane \[[@pone.0118352.ref037]\], allows for an influx of Na^+^ down the electrochemical gradient causing a momentary localized depolarization of the innervated membrane \[[@pone.0118352.ref015],[@pone.0118352.ref018]\]. Acetylcholinesterase then acts on the neurotransmitter and removes them from the acetylcholine receptors, causing the voltage-gated Na^+^ channels to close. While the resting potential is quickly restored by the operation of the Cl^-^ channels and leak K^+^ channels \[[@pone.0118352.ref019]\], Nka is crucial to the homeostatic restoration of the Na^+^ and K^+^ concentration gradients \[[@pone.0118352.ref020]\], providing the chemical potential energy for the generation of the action potential which is the basis of electrogenesis.

Molecular characterization of the deduced Nkaα sequences from *E*. *electricus* {#sec020}
-------------------------------------------------------------------------------

We report for the first time the expression of four *nkaα* isoforms (*nkaα1c1*, *nkaα1c2*, *nkaα2* and *nkaα3*) in the SM and EOs of *E*. *electricus*. Based on homology modelling of human NKAα \[[@pone.0118352.ref038]\], the amino acid residues involved in the binding of 3 Na^+^ and 2 K^+^ were deduced from the four translated Nkaα of *E*. *electricus*. For Na^+^ binding, site I was formed entirely by side chain oxygen atoms of residues in three helices (TM5, TM6 and TM8). Site II was formed approximately on the TM4 helix with three main chain carbonyls plus four side chain oxygen atoms (Asp 831 and Asp 835 on TM6 and Glu 353 on TM4). Site III was formed by the carbonyls of Gly 833 and Thr 834 in TM6, hydroxyl of Tyr 798 in TM5, and the carboxyl of Glu 981 in TM9. For K^+^ binding, site I was formed at a position very similar to the binding site I for Na^+^ but with the involvement of Ser 802, while site II was also formed on the TM4 helix with the K^+^ site shifted toward the extracellular side by a turn of the α-helix. Morth and co-workers \[[@pone.0118352.ref039]\] studied the functional importance of the C-terminus of Nka by deleting the five residues at the C-terminus. The truncated enzyme (delKETYY) exhibited an extraordinary 26-fold reduction in Na^+^ affinity. Nkaα1c2, Nkaα2 and Nkaα3 of *E*. *electricus* possessed the KETYY motif while the lysine residue for Nkaα1c1 was replaced by an arginine residue (i.e. RETYY). This might affect the Na^+^ binding affinity of Nkaα1c1 in *E*. *electricus*.

During the catalytic cycle of P-type ATPases, the P domain interacts with the N domain and the A domain, leading to auto-phosphorylation and dephosphorylation, respectively. The phosphorylation site is located in the aspartate residue of a conserved Asp-Lys-Thr-Gly-Thr (DKTGT) motif that is found in all P-type ATPases. This conserved motif was also found in all the four Nkaα-subunits of *E*. *electricus*, and thus confirming the importance of this phosphorylation site. Furthermore, two other sequence motifs, Thr-Gly-Asp (TGD) and Thr-Gly-Asp-Gly-X-Asn-Asp (TGDGXND), which are involved in Mg^2+^ coordination associated with ATP binding at the phosphorylation site \[[@pone.0118352.ref040]\], were also present in all the four Nkaα-subunits of *E*. *electricus*. Xu \[[@pone.0118352.ref041]\] showed that the native activity of NKA was markedly elevated when protein-protein interaction occurred at the extracellular DVEDSYGQQWTYEQR (D-R) region in the α-subunit of the enzyme. Furthermore, Xu \[[@pone.0118352.ref041]\] demonstrated that the activation of NKA did not only protect enzyme function against denaturation, but also directly affected cellular activities by regulating intracellular Ca^2+^ transients and inducing a positive inotropic effect in isolated rat cardiac myocytes. A comparison between the D-R regions of various NKAα-subunits from *E*. *electricus* and those from rat revealed that they were highly conserved, suggesting that the D-R region might be a universal activation site for all the NKAα/Nkaα subunits.

Both cAMP-dependent PKA and PKC can be involved in the phosphorylation of NKAα \[[@pone.0118352.ref042],[@pone.0118352.ref043]\]. The target site of PKA phosphorylation is the serine residue at position 963 (according to the alignment in [Fig. 1](#pone.0118352.g001){ref-type="fig"}) and it is apparently conserved in all the four Nkaα subunits of *E*. *electricus*. Beguin et al. \[[@pone.0118352.ref044]\] identified Thr10 and Ser11 as PKC phosphorylation sites in the Nka of *Bufo marinus* by site-directed mutagenesis. For *E*. *electricus*, Thr10 (corresponding to Thr31 in the alignment in [Fig. 1](#pone.0118352.g001){ref-type="fig"}) and Ser11 (corresponding to Ser32) were identified in Nkaα1c1 and Nkaα1c2. However, in Nkaα2 of *E*. *electricus*, Thr31 was substituted by a serine residue, and in Nkaα3, Ser32 was substituted by a threonine residue.

Jørgensen and Pedersen \[[@pone.0118352.ref045]\] demonstrated that the substitution of Thr781 in TM5 of NKAα1 with a serine residue increased the Gibbs free energy for Na^+^ and K^+^ binding. In the case of *E*. *electricus*, this substitution was observed in Nkaα1c2 and Nkaα2, indicating that their affinities to Na^+^ and K^+^ were probably different from those of Nkaα1c1 and Nkaα3.

Differential expression of *nkaα1c1* and *nkaα2* between the SM and the three EOs {#sec021}
---------------------------------------------------------------------------------

Based on mRNA expression levels, the major *nkaα* isoforms expressed in the SM and the three EOs of juvenile and adult *E*. *electricus* were *nkaα1c1* and *nkaα2*, and they were differentially expressed among the SM and the EOs. In mammals, NKAα isoforms have different tissue distributions \[[@pone.0118352.ref022],[@pone.0118352.ref046]\], different affinities for ouabain and substrate ions \[[@pone.0118352.ref022],[@pone.0118352.ref047]\], and differential regulation via hormones and protein kinases \[[@pone.0118352.ref048]\]. NKAα1 is found in nearly every tissue, but the other isoforms are more limited in expression \[[@pone.0118352.ref049]\]. Adult mammalian SMs express NKAα2 as the major isoform, at up to 87% of the total NKAα subunit content, with NKAα1 being the minor isoform \[[@pone.0118352.ref044],[@pone.0118352.ref050]\]. In zebrafish (*Danio rerio*), Nkaα2 is expressed in every tissue except the testis \[[@pone.0118352.ref051]\]. In other teleost fishes such as *Fundulus heteroclitus* \[[@pone.0118352.ref052]\], *O*. *mykiss* \[[@pone.0118352.ref053]\] and *Trematomus bernacchii* \[[@pone.0118352.ref054]\], Nkaα2 is found in the brain, muscle, and in the case of *O*. *mykiss*, in the eye as well. By contrast, *nkaα1c1* appeared to be SM-predominant in *E*. *electricus*, as its mRNA expression level was higher in the muscle than in the three EOs, while *nkaα2* appeared to be EO-predominant as it was mainly expressed in the EOs. The development of EOs in *E*. *electricus* happens very soon after birth, with SM and EOs having the same embryonic origin. It has been reported that fish as small as 15 mm have begun EO development \[[@pone.0118352.ref055],[@pone.0118352.ref056]\]. The initial growth of a weak EO allows for orientation and strong EOs start to develop when *E*. *electricus* is approximately 40 mm. Therefore, our results indicate for the first time a foundational change in the expression of *nkaα* isoforms during embryonic development of SM and EOs in *E*. *electricus*.

Also our results indicate for the first time that the mRNA expression levels of *nkaα2* in the EOs of adult fish were substantially higher than those in the EOs of juvenile fish. While the expression level of *nkaα2* was the highest in the Hunter's EO of juvenile fish, it was the highest in the main EO of adult fish. Furthermore, the differences in expression levels of *nkaα2* between the EOs of adult fish and the corresponding EOs of juvenile fish were two orders of magnitude greater than the difference in expression level of *nkaα1c1* between the SM of adult fish and the SM of juvenile fish. These results indicate that, besides increasing in the number of electrocytes, there are changes at the molecular level during the growth and development of the three EOs, especially for the main EO as it becomes more powerful in adult fish. Based on the mRNA expression levels of *nkaα2* in adult fish, it is apparent that there are molecular differences among the three EOs besides differences in the density of packing of electrocytes as reported previously \[[@pone.0118352.ref019]\]. However, it must be emphasized that the observed differences in mRNA expression levels of *nkaα* may or may not match the differences in protein levels of Nkaα or enzyme activities of Nka among the EOs as there could be additional post-transcriptional and/or post-translational processes regulating protein abundance and activity.

In mammalian brains, three isoforms, *NKAα1*, *NKAα2* and *NKAα3*, have been identified \[[@pone.0118352.ref022],[@pone.0118352.ref057]\]. These three NKAα-subunits differ with regard to their Na^+^, K^+^ and ATP sensitivity \[[@pone.0118352.ref058],[@pone.0118352.ref059]\]. NKAα2 is an astrocyte-specific isoform, and astrocytes are responsible for the clearance of K^+^ from the extracellular fluid after neuronal activity \[[@pone.0118352.ref060]\]. The expression of various rat NKAα-subunits in *Xenopus* oocytes reveals that NKAα2 has a three-fold higher sensitivity to extracellular Na^+^ when compared with NKAα1 and NKAα3, causing NKAα2 to be more sensitive to the membrane potential \[[@pone.0118352.ref061]\]. These could be the reasons why *nkaα2* was the predominant *nkaα* isoform expressed in the EOs of *E*. *electricus*.

Besides *nkaα2*, the EOs of juvenile and adult *E*. *electricus* had relatively low levels of *nkaα1c1* and *nkaα1c2* expression. Of note, Lowe et al. \[[@pone.0118352.ref025]\] found that the sensitivity of Nka ouabain site differed by a 1.6-fold affinity from the innervated and non-innervated electrocyte membrane in the main EO of *E*. *electricus*. Using immunofluorescence microscopy and commercially available antibodies raised against mammalian NKA, they found that this difference in sensitivity was due to the polarization of two different forms of Nkaα, with Nkaα1 localized to the innervated membrane and Nkaα2 localized to the non-innervated membrane \[[@pone.0118352.ref025]\]. As the innervated and non-innervated membranes are known to differ in terms of their specific resistance \[[@pone.0118352.ref002]\], the difference in Nkaα distribution may be related to differences in Na^+^ or K^+^ permeability between these two membranes. As our result indicate the presence of two *nkaα1* isoforms, it would be essential to examine the protein expression and localization of Nkaα1c1 and Nkaα1c2 in the innervated membrane of the three EOs of *E*. *electricus* in the future.

Variation in protein abundance of Nkaα among the SM and the three EOs {#sec022}
---------------------------------------------------------------------

EOs comprise electrocytes containing relatively massive quantities of Na^+^ channels for their specialized function, and therefore require proportionally large amounts of Nka to maintain ionic gradients. Indeed, Nkaα protein was barely detectable in the SM, but was strongly detected in the Hunter's EO and the main EO, with the protein abundance of Nkaα in the former significantly greater than that of the latter, and weakly expressed in the Sach's EO, of juvenile *E*. *electricus*. In comparison, there was an apparent change in the Nkaα expression pattern among the three EOs of adult *E*. *electricus*; the protein abundance of Nkaα in the main EO was significantly higher than that in the Hunter's EO, corroborating the results on *nkaα2* mRNA expression. These results confirmed that the expression of *nkaα*/Nkaα in the main EO and the Hunter's EO were regulated both transcriptionally and translationally during the growth of *E*. *electricus*. As in juvenile fish, the Sach's EO of adult fish had very low Nkaα expression. The Sach's EO produces low voltage EODs (\~10 V) at a frequency of up to 25 Hz, while the main EO and the Hunter's EO produces high voltages (\~500 V) at a rate of up to several hundred Hz \[[@pone.0118352.ref010]\], and there is a higher density of transmembrane Na^+^ channel in electrocytes of the main EO than in those of the Sach's EO \[[@pone.0118352.ref011]\]. This could explain why the Sach's EO had a relative low protein abundance of Nkaα. Incidentally, through western blotting using the anti-NKA α5 antibody, Gallant et al. \[[@pone.0118352.ref062]\] demonstrated that the protein abundance of Nkaα in the SM and the EO of the weakly electric mormyrid, *Brienomyrus brachyistius*, were approximately equal. Furthermore, they reported that two forms of Nkaα were detected in the SM (99 and 90 kDa) whereas only one form (90 kDa) was expressed in the EO of *B*. *brachyistius*. When taken together with results obtained from the Sach's EO of juvenile and adult *E*. *electricus*, it would appear that an EO generating weak EODs can maintain the Na^+^ and K^+^ gradients upon discharge with an Nkaα protein expression level comparable to that of SM, albeit involving different isoforms of Nkaα.

Differences in kinetic properties of Nka among the three EOs {#sec023}
------------------------------------------------------------

Due to the similar protein abundance of Nkaα, Gallant et al. \[[@pone.0118352.ref062]\] proposed, but without evidence, that there could be differences in the efficiency/kinetic properties of Nka between the SM and the EO of *B*. *brachyistius*. Here, we report for the first time that for juvenile *E*. *electricus*, the *V* ~sat~ of Nka from the SM was significantly lower than those of Nka from the main EO, the Hunter's EO and the Sach's EO. More importantly, our results indicated that there were significant differences in kinetic properties of Nka among the three EOs of juvenile *E*. *electricus*. Firstly, in agreement with *V* ~sat~ results, the highest and lowest *V* ~max~ of Nka were detected in the main EO and the Sach's EO, respectively, with the Hunter's EO having a *V* ~max~ value intermediate between the two. This is in agreement with the fact that the main EO produces high voltage EODs, the Sach's EO produces low voltage EODs, and the Hunter's EO functions intermediately between the main EO and the Sach's EO \[[@pone.0118352.ref002],[@pone.0118352.ref010]\]. As ion pumps impose significant demands on the metabolic resources of excitable tissues \[[@pone.0118352.ref063]\], our results indicate that the metabolic costs of EOD is the highest in the main EO, followed by the Hunter's EO and the Sach's EO, in *E*. *electricus*. Secondly, the Nka from the main EO had the lowest *K* ~*m*~ (or highest affinity) for Na^+^ and K^+^ among the three EOs. As it has been reported that the main EO of *E*. *electricus* exhibits an outwardly directed voltage-gated K^+^ current in a small fraction of patches on the innervated membrane of its electrocytes \[[@pone.0118352.ref011]\], our results indicate that the Nka of the main EO might be more effective in clearing K^+^ from the extracellular fluid after EOD than the Nka of the Hunter's EO and the Sach's EO.

For juvenile *E*. *electricus*, in spite of the Nkaα protein abundance in the Hunter's EO being significantly higher than that in the main EO, the *V* ~Sat~ and *V* ~max~ of Nka from these two EOs were comparable to each other. Of note, NKA/Nka is a dimer of α- and β-subunits, whereby the β-subunit is essential to the stability of the α-subunit and its delivery and insertion into the plasma membrane \[[@pone.0118352.ref064]\]. In addition, NKAβ/Nkaβ can modulate the affinity of NKAα/Nkaα to Na^+^ and K^+^, and alter the NKA/Nka activity. As there are three isoforms of the β-subunit \[[@pone.0118352.ref065]\], our results suggest that various isoforms of *nkaβ*/Nkaβ might be differentially expressed in the main EO and the Hunter's EO of *E*. *electricus*.

Conclusion {#sec024}
==========

To date, only one *nkaα* with an unknown isoform identity has been sequenced from the electric organ of *E*. *electricus* (AF356351) \[[@pone.0118352.ref026]\], and we had verified it to be Nkaα2. In addition, we report the expression of *nkaα1c1*, *nkaα1c2* and *nkaα3* in the SM and the EOs of *E*. *electricus*. The major *nkaα* isoforms expressed in the SM and the three EOs were *nkaα1c1* and nkaα2, respectively. Molecular characterization of the deduced Nkaα1c1 and Nkaα2 sequences indicated that they probably had different affinities to Na^+^ and K^+^. Western blotting results showed that Nkaα was barely detectable in the SM. By contrast, in line with the electric properties of the three EOs, Nkaα was strongly detected in the main EO and the Hunter's EO, and weakly expressed in the Sach's EO of *E*. *electricus*. More importantly, the highest and lowest *V* ~max~ of Nka were detected in the main EO and the Sach's EO, respectively, with the Hunter's EO having a *V* ~max~ value intermediate between the two. Furthermore, the Nka from the main EO had the lowest *K* ~*m*~ (or highest affinity) for Na^+^ and K^+^ among the three EOs, suggesting that the Nka of the main EO was more effective than those of the Hunter's EO and the Sach's EO in clearing K^+^ from the extracellular fluid and maintaining intracellular Na^+^ and K^+^ homeostasis after EO discharge. As the Nkaβ subunit inserts and anchors the Nkaαβ complex in the plasma membrane and regulates the Na^+^ and K^+^ affinities \[[@pone.0118352.ref023]\], it would be essential to examine the possible differences in expression of *nkaβ*/Nkaβ isoforms among the three EOs of *E*. *electricus* in future studies.

Y. K. Ip thanks Peter K. L. Ng for the useful discussion on this study.
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